Embalming is common, and it can create problems for the forensic scientist if a drug has been the cause death and this drug is also reactive toward the embalming fluid. Previous studies have focused on the tricyclic amines nortriptyline and desipramine. In the presence of formaldehyde, a typical component of embalming fluid, either of these two compounds can be rapidly converted to their methylated derivatives amitriptyline and imipramine, respectively. We have begun a larger project designed to determine the reactivity and reactions of a wide range of drugs with formaldehyde. We report here our results from fenfluramine, which, like the tricyclic amines, is reactive towards formaldehyde and is converted into its N-methyl derivative. The rate of conversion is dependent upon pH and formaldehyde concentration. Up to 100% conversion in 24 h was observed. In addition, we have also devised a simplified procedure for monitoring this process that may be useful for others working in this area. Finally, we note that the reactions of fenfluramine studied here and of amines in general with formaldehyde need to be considered when performing postmortem/postembalming forensic analysis.
Introduction
The practice of embalming cadavers is common, yet it may create problems for the forensic scientist. Several studies have been conducted to examine the reaction of pharmaceutical agents that can cause death if used inappropriately with formaldehyde, a typical embalming agent. Tricyclic amines react with formaldehyde under conditions similar to those encountered in embalmed tissues. For example, in the presence of formaldehyde, nortriptyline is converted to amitriptyline. The rate of the conversion is remarkable, and conversions as high as 65% in 24 h have been observed (1) . Other classes of drugs have also been shown to react with formaldehyde at concentrations similar to those used in embalming fluids (5-20%) including barbiturates, phenytoin, and diazepam (2) .
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We are currently engaged in a comprehensive study designed to elucidate the stability of several classes of drugs with respect to embalming fluids. Previous studies in this area by others have mainly focused on a few selected drugs, specifically nortriptyline (3) and desipramine (4) ( Figure 1 ). What has been investigated for these two examples includes the reactions of simple mixtures of the amines and a range of formaldehyde concentrations (4) , reactions in blood (5) , and in embalmed tissues (5) . In the simple in vitro reactions, a substantial decrease in the amount of nortriptyline, concomitant with the formation of amitriptyline, has been observed by some investigators. In tissue, some conversion to the N-demethylation product of nortriptyline, desmethyl nortriptyline, was also observed (1) . Similar results were obtained in the case of desipramine where the formation of imipramine was observed. These studies show that amine-containing substrates may not be stable toward embalming fluid. Formalin-fixed samples may be the only samples available for analysis in cases where death due to overdose is suspected well after the fact. There are numerous agents that can be used to cause an overdose and then death. In order to determine if a toxic overdose of an agent has occurred, forensic scientists must be aware of their stability in the presence of formaldehyde. In addition, it would be beneficial to know the reaction products because, if products are formed to
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In this work, we report our experiments regarding the stability of fenfluramine in the presence of formaldehyde. Fenfluramine is an anorexic agent and bears a secondary N-ethylamine. This compound is predicted, based on the Eschweiler-Clark reaction (6) , to react with formaldehyde. Here we have determined that this reaction does occur with fenfluramine. The rate of the reaction of fenfluramine with formaldehyde depends on the specific conditions and conversion of fenfluramine into N-methyl fenfluramine was found to vary from 0 to 100% in 24 h. Furthermore, we isolated the reaction product of fenfluramine and formaldehyde, N-methyl fenfluramine, formed in these reactions and unambiguously synthesized N-methyl fenfluramine by selective reductive methylation of fenfluramine ( Figure 2 ). The synthesized material has been used to confirm the reaction and can be used as an authentic analytical standard. Finally, we ~H CH20, NaBH: 3CN ~C CH3CN, pH 6 H 3 CF3 CF3 modified previously reported procedures for monitoring the reaction of amine containing drugs with formaldehyde (1, (3) (4) (5) . The modifications improve the reproducibility of the data and, simultaneously, simplify the analysis.
Methods

General
Sodium phosphate, sodium acetate, ammonium acetate, and sodium hydroxide were purchased from Fisher Scientific Co. (Pittsburgh, PA). Methanol, acetonitrile, pentane, acetic acid, and formalin were purchased from Fisher Scientific agents. Fenfluramine was obtained from Sigma Chemical (St. Louis, MO). Sodium cyanoborohydride and all nuclear magnetic resonance (NMR) solvents were purchased from Aldrich Chemical Co. (Milwaukee, WI). Unless otherwise noted, reagents were used as received.
All 1-and 2-dimensional spectra were recorded on a Varian Gemini 300 broadband spectrometer. Proton and carbon NMR spectra were referenced to TMS. Fluorine spectra were referenced to trifluoromethyltoluene (0.1%) (8 ---67.7 ppm). Infrared (IR) spectra were obtained on a Perkin-Elmer spectrometer model 782 and, unless otherwise indicated, were obtained on carbon tetrachloride solutions in sodium chloride cells. Spectra were referenced to polystyrene (1601 cm-]). UV spectra on a Hitachi U-2000. Chromatographic analyses were performed on a Waters Alliance 2690XE system and a Waters 996 photodiode-array detector. Data were recorded using the Waters Millennium ~2| data system.
Synthesis of N-methyl fenfluramine
Formalin (0.37 mL, 37%) and sodium cyanoborohydride (0.09 g, 1.43 mmol) were added to a stirred solution of fenfluramine hydrochloride (0.25 g, 0.94 mmol) in acetonitrile (3.6 mL) at room temperature. The pH of the mixture was adjusted to 6 by the dropwise addition of glacial acetic acid and subsequently readjusted every 30 rain to this pH until the pH remained constant. The resulting solution was stirred overnight. Water (2 mL) was then added, and the pH was adjusted to 12 by the addition of NaOH (solid). The mixture was extracted with pentane (4 x 10 mL), and the combined organic extracts were dried (Na2SO4) , filtered, and concentrated in vacuo. The residue is purified by thin-layer chromatography (10001JM, silica gel, chloroform/methanol/triethylamine, 90:8:2) to yield Nmethylfenfluramine (0.2 g, 87%). Analytical data for Nmethylfenfluramine are given in Table I .
Reactions of fenfluramine and formaldehyde under typical embalming conditions and high-performance liquid chromatographic (HPLC) analysis
A stock solution of fenfluramine was made by dissolving the compound in methanol to a final concentration of 2 mg/mL. From this stock, 10 )~L was added to 990 )~L of the appropriate reaction mixture to obtain a final concentration of 20 IJg/mL. The reaction mixtures consisted of 5%, 10%, or 20% formaldehyde in water (no pH adjustment), 10mM K2HPO4 (pH 7) or 10raM K2HPO4 (pH 9.5). All reactions were run in triplicate. The samples were then analyzed by HPLC initially at day 0 as well as days 1, 7, and 30 for the disappearance of fenfluramine and each sample was taken at the appropriate time and injected onto the chromatographic system. For the analysis of fenfluramine and N-methyl fenfluramine, a mobile phase of 50mM sodium acetate (pH 4.5)/methanol (60:40) was pumped through a YMC-Pack Pro C18 (5 tJm, 2 x 150 ram) column at a flow rate of 0.2 mL/min. The eluate was monitored by IN detection at a wavelength of 264 nm. Under these conditions, the retention times of fenfluramine and Nmethyl fenfluramine were 17.6 min and 15.1 rain, respectively. Standard curves for each analyte were constructed over the concentration range of 1.0-25 I~g/mL. Following comparison of the analytes to the respective standard curves for fenfluramine and N-methyl fenfluramine, sample concentrations were quantitated, and the mean, standard deviation, and relative standard deviation for each triplicate were calculated. "All entries reported as percentage of the starting material. Reactions were performed in triplicate. * Percentages refer to formaldehyde concentration in water. * Potassium phosphate buffer (10mM) was used to adjust the pH to either 7 or 9.5. If pH is not indicated, no pH adjustment was made.
Results
Fenfluramine was reductively methylated with formaldehyde and sodium cyanoborohydride. The procedure is mild and selective and stops at the tertiary amine (7) . Overmethylation, which would result in the formation of a quaternary ammonium salt, is never observed. The proton NMR data are consistent with monomethylation of fenfluramine to N-methyl fenfluramine because the methyl singlet integrates for three protons (Table I) . Interpretation of the carbon NMR data is somewhat complicated by the trifluoromethyl group. Coupling constants between carbon and fluorine are large. One bond couplings are typically 250 Hz, and the magnitude of the coupling constant typically falls off by a factor of approximately 10 per intervening bond. Consequently, the carbons corresponding to the trifluoromethyl group and several aromatic carbons are split by the fluorine.
Chromatographic conditions were established with authentic samples of fenfluramine and synthetic N-methyl fenfluramine. A typical chromatogram of a sample containing both fenfluramine and N-methyl fenfluramine is shown in Figure 3A . The reaction of fenflufamine with formaldehyde (5-20%) over a pH range of approximately 3.5-9.5 was investigated. The conditions used and the percentage of fenfluramine consumed as a function of time are shown in Table II . Also shown in Table II are the percentages of N-methyl fenfluramine recovered at each time point and reaction condition. A chromatogram obtained after one day on a sample containing fenfluramine and formaldehyde (10%) at pH 7 is shown in Figure 3B .
Discussion
Fenfluramine, a secondary amine is expected to react with formaldehyde to yield N-methyl fenfluramine. Preliminary studies of reactions of fenfluramine and formaldehyde showed it to be consumed and replaced by a new product. In addition, based on its ultraviolet (UV) spectrum, the new product appeared to have the same chromophore as fenfluramine. These pieces of information supported the tentative identification of the new product to be N-methyl fenfluramine. Therefore, the presumed product was synthesized using a procedure designed to unambiguously produce it from fenfluramine. Thus, fenfluramine was treated with formaldehyde and sodium cyanoborohydride in acetonitrile to give N-methyl fenfluramine as shown in Figure 2 . The structure of the product was elucidated by NMR, IR, UV, and mass spectrometry (MS) ( Table I ). All of the spectra obtained on the product were consistent with the structure of N-methyl fenfluramine.
In order to determine the time course of fenfluramine reactivity with formaldehyde, a series of experiments was undertaken under conditions expected to mimic those that might be encountered in forensic medicine with respect to fenfluramine concentration, formaldehyde concentration used for embalming, and the pH of the body and body fluids. With respect to the disappearance of fenfluramine and appearance of Nmethyl fenfluramine under various conditions (Table II) , several trends can be noted. As would be predicted, the disappearance of fenfluramine increases with an increase in formaldehyde concentration. Furthermore, it appears that an increase in pH results in a greater disappearance of fenfluramine. These trends are analogous to those observed with the tricyclic antidepressants (e.g., nortriptyline and desipramine) (1, (3) (4) (5) . It is of note that a formaldehyde in water solution results in a pH of approximately 3.5. Though one can never be sure that conditions identical to those during embalming have been replicated, it is of note that immediately after death and for the next 48-72 h, the pH of the body is reported to become slightly acidic, but Figure 4 . Eschweiler-Clarke reaction mechanism for the methylation of amines.
after this time the pH reverts to slightly basic (8) . Thus, by studying the pH range 3.5-9.5 we have tried to replicate what might be observed in a variety of postmortem conditions. It is interesting that at pH 9.5, 78-100% of the fenfluramine had disappeared within 24 h, depending on the formaldehyde concentration. Thus, it appears that in a body for which some time might pass between death and embalming (i.e., slightly basic pH), one could expect an extremely rapid disappearance of fenfluramine should it have been present. Finally, it is of note that control experiments (Table II) in which fenfluramine was reacted with either water, pH 7 buffer, or pH 9.5 buffer demonstrated between 17 and 26% fenfluramine disappearance at day 30, indicating that the disappearance had been greatly enhanced by the presence of formaldehyde. Based on the Eschweiler-Clarke reaction (Figure 4) , we had predicted that fenfluramine in the presence of formaldehyde would produce N-methyl fenfluramine. This production of N-methyl fenfluramine can be noted in Table II . In virtually all experimental conditions, the percentage of N-methyl fenfluramine recovered almost exactly offset the percentage disappearance of fenfluramine. It is of note that slightly less N-methyl fenfluramine was recovered in the pH 9.5 samples compared to the pH 7 samples. This may be partially explained by the small degree of assay variability, but also by the observation that control experiments (without formaldehyde) at pH 9.5 resulted in a greater disappearance of fenfluramine and thus may also have some effect on N-methyl fenfluramine. This direct correlation of fenfluramine disappearance and N-methyl fenfluramine appearance, coupled with our preliminary data on the synthesis of N-methyl fenfluramine from fenfluramine, strongly suggests thatN-methyl fenfluramine is essentially the only reaction product of fenfluramine and formaldehyde. This is of particular relevance to forensic investigators because the formation of a single product greatly simplifies the task of searching for possible ingestion of fenfluramine (which would be observed as N-methyl fenfluramine) in a tissue that has been embalmed.
The fenfluramine concentration, in the absence of formaldehyde, also decreased and to a greater extent at high pH. The likely cause of this is air oxidation of fenfluramine, which could lead to the formation of a range of products characteristic of amine oxidation. The products predicted include N-oxides, hydroxylamines, nitrones, azo-compounds and their decomposition products, and N-dealkylation products (9) . These oxidation processes have been well studied with respect to amines. It is known that these reactions are generic for amines, often occur in solutions that are not protected from oxygen, and that the rates of reaction increase with pH. At the same time, we would have expected to detect these products by HPLC. The aforementioned decomposition reactions would produce products with the same chromophore and a range of polarities spanning the polarity range of fenfluramine and N-methyl fenfluramine, yet we were unable to detect additional decomposition products that can account for the significant decrease in fenfluramine concentration observed in the absence of formaldehyde and at higher pH (pH 7, 17% at 30 days; pH 9.5, 26% at 30 days). This problem will be investigated in the future. Here, our primary concern is the reaction of fenfluramine with formaldehyde.
However, some of the predicted decomposition products could also react with formaldehyde. These products, both decomposition and decomposition-formaldelhyde reaction products, could serve as alternative or additional analytes.
In the course of the present study, the sampling method was modified from that used previously for the tricyclic amines (1, (3) (4) (5) . In the latter case, samples were first extracted with hexane, then the hexane was evaporated and the sample reconstituted in water. During our preliminary work with fenfluramine and other drugs we are currently studying, this extraction method was used. However, reproducibility was poor and deemed unacceptable. Other methods, including extraction with 1:1 mixtures of hexane and ethyl acetate and pH adjustment prior to extraction with an organic solvent, were explored. Generally, little or no improvement was observed.
The problem with the extraction procedure appeared to be related to the reconstitution step. Reconstitution did not always produce a homogenous sample, and the solids that were present were insoluble in most solvents or solvent systems. These solids were likely formaldehyde polymers and may have occluded reactants or products. Consequently, we tried carrying out the reactions in septa-sealed autosampler vials with direct sampling from these vials of the reaction mixtures at the appropriate time points (septa were replaced after each sampling point). This approach was found to yield reproducible results and was used for all of the analytical studies presented here. Following these adjustments, the coefficients of variation from day to day were found to be less than 20%, and the variation among triplicates of a given reaction combination were generally less than 10%.
Thus, it appears that in the presence of formaldehyde and under the appropriate conditions, fenfluramine is rapidly and virtually completely converted to N-methyl fenfluramine. This is of potential forensic significance. Analysis for fenfluramine in postmortem tissue that was stored in formaldehyde or in a body postembalming may yield misleading results because of the conversion of fenfluramine to N-methyl fenfluramine. Thus, forensic investigators must be careful to realize all potential products for which they may be searching because the drug in question may be in a different chemical form following exposure to formaldehyde.
